lthough the debate about the balance between research and teaching at the university level has yet to be settled (Brand 2000) , it is indisputable that a principal role of the research university is to teach students to do research (Gonzàlez 2001) . Because learning takes place most rapidly when students are actively involved in the learning process (Leonard 1989) , students should learn how to do research not by listening or reading about it, but by doing it. This has been the basis of graduate education for decades and, increasingly, the path taken at the undergraduate level as well (Gonzàlez 2001) . Moreover, it has been stated that people learn as much as 95 percent of what they teach (Uno 1999) , which, if true, makes teaching the most effective of all learning activities. If this is so, does it not follow that graduate students, who commonly serve as teaching assistants (GTAs), benefit from teaching others how to do research?
Graduate students are encouraged to make presentations about their research to get feedback about their work. In many institutions, they may also have the opportunity to mentor undergraduates who are involved in research projects. However, graduate students have another opportunity to learn about research while teaching about research-through inquiry-based laboratories taught at the introductory level.
For many years, the mainstay of the undergraduate laboratory experience has been the "verification-style" laboratory, in which students demonstrate a concept, already taught in lecture, by following a set of instructions and comparing the results to a known outcome. Essentially, in such labs there is only one correct result, and both the instructor and the astute student typically know the result beforehand. In these labs, it is actually the designer of the laboratory who is "doing the science," for it is the instructor who has selected the hypothesis or generalization to be tested, designed the experiment, carefully delineated the protocol, selected the variables and their values, and predicted the outcome. The students simply follow the steps, fill in the tables, and answer questions. Students view the laboratories as "busy work" with the goal of simply filling in worksheets-much like their high school experience. The GTAs clarify the steps and correct the mistakes. GTAs receive no intellectual stimulation from essentially repeating what is in the lab manual and merely checking answers against a key provided by a faculty member or lab coordinator. It is not surprising that the students and the GTAs may not value this experience.
Inquiry-based laboratories provide a different experience. Although there are variations of inquiry-based instruction (e.g., open-ended, guided, challenge), they share all or most of the following characteristics: Inquiry-based instruction places more emphasis on the students as scientists. It places the responsibility on the students to pose hypotheses, design experiments, make predictions, choose the independent and dependent variables, decide how to analyze the results, identify underlying assumptions, and so on. Students are expected to communicate their results and support their conclusions with the data they collected. In inquiry-based labs, the concepts behind the experiments are deduced during the lab; the results are unknown beforehand, although pre-dictable, because the students designed the experiments. Results that do not support the students' hypotheses are not viewed as a failure but as an opportunity for the students to rethink any misconceptions in their understanding of concepts (Uno 1990 , Leonard 1991 .
If this sounds like the process of science as scientists conduct it, it should. It may also sound like the projects that are conducted in graduate courses or toward the end of an upper-division biology course. Inquiry-based labs are also becoming common in introductory-level and midlevel classes, and thus are producing laboratories that follow the guidelines described in the National Science Education Standards (NRC 1996 , Howard and Boone 1997 , Adams 1998 , Siebert and McIntosh 2001 . However, many GTAs were not enrolled in such labs as undergraduates and thus are unfamiliar with them. Despite different types of GTA training (Rushin et al. 1997) , GTAs often begin teaching the laboratories with only limited training and little time to become socialized into the ranks of instructors conducting such inquiry-based courses (Shannon et al. 1998) . They are therefore unfamiliar with the potential of inquiry-based labs to teach both the student and themselves about conducting research.
Is it better for those who plan careers in research to minimize their involvement in teaching so as to concentrate on doing research, or can teaching inquiry-based labs complement other activities through which GTAs learn to conduct research? McPherson (2001) has argued that most beginning graduate students confuse "hypothesis" and "prediction." Isaak and Hubert (1999) point out that, although it is important for graduate students to learn the scientific method, the first opportunity for many to do so is during their thesis or dissertation research. However, given that most graduate students begin teaching before this stage and that inquirybased labs mirror the scientific process, perhaps teaching in inquiry-based laboratories offers GTAs an additional opportunity to practice their scientific skills before conducting their research. We examined this proposition through surveys that asked GTAs whether teaching in an inquiry-based laboratory influenced their research skills.
Laboratory and graduate teaching assistant descriptions
The GTAs who participated in this study taught in a laboratory that is part of a large-enrollment, mixed-majors, introductory biology course that was redesigned to include inquirystyle laboratories. Before each lab, students read a short story that describes a general situation and presents a general question. They also perform activities in the Zoology Department's Learning Resources Center (LRC) to become familiar with relevant concepts and equipment. The students then prepare planning forms on which they identify a more specific question, propose a relevant hypothesis, and design an experiment to test it. In lab, each group of three students agrees on a hypothesis to test, decides on an experimental design, selects equipment and procedures from those described in the reference portion of the laboratory manual (French 2000) , conducts the experiment, and writes a report. The GTA's role is to review the planning forms; Socratically guide students to the information they need; help students revise hypotheses, experiments, predictions, and conclusions; and facilitate experiments and report writing.
GTAs at our institution work 20 hours per week. Those who are assigned to the introductory biology course typically teach three laboratories (9 contact hours) and hold office hours in the LRC for 2 hours per week. The GTAs also grade the prelabs, planning forms, and lab reports. Because the university prohibits first-year graduate students who lack teaching experience from teaching freshmen (Mills and Hyle 2001) , these GTAs perform support duties that include working in the LRC and circulating through the three simultaneous laboratory sections to assist groups or attend to needs such as equipment failures or supply shortages. Thus, we had three general types of GTAs: experienced (GTAs who had taught the course prior to this study), new (GTAs who may have taught previously but were teaching this course for the first time), and rookies (inexperienced, first-year graduate students who were assigned to support duties).
GTA instruction
During an orientation training session (1.5 days) at the beginning of the semester, the GTAs learn about procedures and policies, underlying teaching philosophy, and pedagogy involved in the lab. GTAs grade sample papers using a standardized evaluation scheme, conduct their own experiments, and write their own reports. During the training lab, experienced GTAs model the teaching method; new and rookie GTAs participate as students. When they conduct the labs, the GTAs are encouraged to
• act as research advisors
• avoid lecturing at the beginning of class
• refrain from general announcements and instead contact each group separately
• answer questions with questions that direct the students
• help students find relevant sections in the lab manual to answer procedural questions
• observe students as they write and offer suggestions to them through questions During the semester, the GTAs and the lab coordinator meet weekly to discuss procedures and grading, learn to use equipment, and exchange other needed information. Led by a senior GTA, they discuss the acceptable and unacceptable hypotheses and predictions that students might propose in the week's lab and the potential controls and factors that have contributed to success or failure of past experiments.
Assessment
Each semester from fall 1999 to spring 2001, we asked the GTAs, prior to the orientation training session, to answer questions concerning their previous teaching experience, their plans to conduct their classes, and what effect they thought teaching the course would have on their research (box 1). At the end of every semester, we asked the GTAs to complete a questionnaire, anonymously, which included openended questions regarding their perceptions of how teaching the inquiry-based course had influenced their teaching or research skills (box 1). We pooled the responses to both surveys for all semesters and analyzed them following the qualitative analysis procedures of Rubin and Rubin (1995) . The analysis involved coding responses to define common issues by assigning summary phrases of text to these various issues and then reevaluating and clustering the related issues into major themes. In reporting results, we selected direct quotes to illustrate examples of coded themes. Unless otherwise stated, all quotes were from different GTAs.
Because the postsemester surveys were returned anonymously and because we did not distinguish between new and rookie GTAs, we divided the GTAs' responses into two categories: experienced (those who taught the inquiry-based course previously) and inexperienced (those who were rookie or new GTAs). Some of the experienced GTA surveys were from previously inexperienced GTAs, but because of GTA reassignment, attrition, or graduation, no GTA answered the survey more than once as an experienced GTA.
GTA perceptions Presemester questions. When experienced GTAs were
asked what they thought their role in conducting the laboratory would be, they generally gave longer responses than did inexperienced GTAs, and they focused more on aspects of pedagogy or the process of science rather than on "helping students to understand concepts" or on classroom management issues.
Additionally, experienced GTAs tended to portray themselves as facilitators or guides rather than as presenters of information, the role that inexperienced GTAs described. Statements such as "I rely on students asking questions, and then I answer with a simpler question that leads them to their answers" from an experienced GTA stand in stark contrast to statements from an inexperienced GTA, such as "I intend to cover the areas thoroughly and accurately while maintaining control of the classroom." Experienced GTAs felt that a "brief (typically 5-10 minutes) lecture at the beginning of each lab, to clarify procedures or complicated processes" was necessary as often as did inexperienced GTAs. However, casual observations by the lab coordinator throughout the semesters and unsolicited student comments on teaching evaluations indicated that experienced GTAs were less likely to exceed the 10 minutes. Experienced GTAs were more likely to begin class with brainstorming sessions or other nonexpository interactions.
In answer to whether they felt that teaching this lab would affect how they conduct their research, only 19 of 35 respondents anticipated a positive effect (binomial test, p > .5). Thus, before they experienced inquiry-based laboratories, GTAs did not perceive that this style of teaching would have any effect on their ability to do research. Respondents who anticipated a positive effect cited improvement in their understanding of the process of science, the importance of controls, and so on. For example, one (inexperienced) GTA replied that "this lab will make me more conscious of the scientific method in my own work, as well as providing me with more experience in experimental design," while another (experienced) stated, "Of course, teaching this course reminds you of how important it is to be a participant in producing good science/sound science and presenting your findings in a manner which others can understand."
Of the 16 GTAs who did not think that teaching the lab would positively affect their research, only one was an experienced GTA. Three of these 16 GTAs, who may have misinterpreted the question, cited concern with time constraints on their research-"I will have to arrange my schedule to avoid time conflicts"-while the rest were ambivalent or gave no explanation about how teaching the course might affect their research.
End of semester questions. When asked how they might improve student performance, GTAs emphasized helping to guide students to a better understanding of how to "do sci-
Presemester questions
1. Please list your teaching experience.
Do you have any intention to teach after you earn your degree? At what level?
3. Do you think that teaching this lab will have any effect on how you conduct your research?
Postsemester questions
1. Is this the first time you taught this course? 2. How has teaching these laboratories improved your ability to explain the process of science?
3. In what ways might teaching these laboratories have had a positive effect on your ability to plan your research?
4. In what ways might teaching these laboratories have improved?
5. In what ways might teaching these laboratories have improved your grasp of scientific method?
6. In what ways might teaching these laboratories have improved your grasp of experimental design?
Note: The actual survey forms include other questions not relevant to this discussion. Those questions have been omitted.
Box 1. GTA survey questions
ence," particularly in generating good, testable hypotheses and in addressing critical research issues. Both the answers to the survey questions and comments by experienced GTAs during the weekly meetings repeatedly emphasized that a key factor in student success was the quality of the students' hypotheses-causal, falsifiable, testable, within constraints of the lab, and leading to specific, quantitative predictions. None of the answers to the survey questions addressed helping students with content issues.
Most GTAs (91 percent) also thought that teaching this course had greatly improved their abilities to explain the process of science. The following comments typify this feeling:
• "Every week trying to explain to people who have absolutely no clue about science in a way they can grasp the concept only improves our skills."
• "I have wholeheartedly embraced the scientific methods after seeing the students' so-called experiments. Controls are very very important."
• "It forces you to have a more thorough understanding of the concepts. It forces you to think about them from more than one perspective."
It appears that GTAs favor inquiry-style instruction after their experiences in teaching inquiry-based labs, with just a single student favoring only a verification-style of instruction (table 1) . Because the responses of the experienced and inexperienced groups of GTAs were not entirely independent and the sample sizes were small, we could not compare these directly. However, more experienced GTAs (those who had taught at least two semesters of inquiry-based labs) significantly favored inquiry over the other possibilities combined (p < 0.05), while inexperienced GTAs (those who had only been involved in the inquiry-based lab for one semester) did not (p > 0.25). It remains to be seen whether this lack of significant preference among inexperienced GTAs reflects the small sample size or their more limited experience with this teaching style.
In contrast to their presemester opinion, when asked how teaching the course had effected their research, a significant majority of both inexperienced (p < 0.005) and experienced (p < 0.025) GTAs perceived a positive influence (table 1) . GTAs mentioned improvements in their grasp of scientific method and experimental design and in their ability to communicate effectively, for example, Teaching this lab probably clarified a lot of aspects of research for me by forcing me to put everything in simpler terms in order for the students to understand it, such as exactly how to write a hypothesis and justify it, how they should present their results and interpret them, and how to write a scientific paper in general.
GTAs specifically mentioned that teaching in these labs made them more aware of the need to "keep it simple [and to] start with a clear problem and objective and build from it." One GTA mentioned that the labs "showed me what not to do, helped me to learn to think of all variables for an experiment while designing it," and, according to another,"helped me re: my research design, hypothesis formation, and also my writing!" Finally, another GTA commented that as a result of the labs "I find myself thinking more critically of my own work because these simple but very important principles [of scientific method] have been so well enforced from teaching." The importance to GTAs of writing good hypotheses and predictions and of designing a good experiment was also apparent in the weekly meetings. Guiding themselves, the GTAs chose to spend almost all their meeting time critiquing the merits of good and bad hypotheses and related experiments and predictions. They worked together to develop and calibrate a common grading scheme for hypotheses and elected to practice using the equipment on their own time.
Benefits of inquiry-based labs for GTAs
Many colleges and universities are following the lead of K-12 institutions by adopting the National Science Education Standards (NRC 1996, Siebert and McIntosh 2001) and emphasizing inquiry-style instruction in laboratories, many of which are taught by graduate students. When assigned to an inquiry-based course, GTAs must increase the depth and breadth of their knowledge in response to the uncertainty of not having a single, tested procedure to follow. GTAs' workloads thus increase, because they now have to be better prepared to deal with the wide range of student experiments and because grading reports consumes more time than does grading practicals, quizzes, or worksheets. Because the goal of a GTA is to earn a degree, which requires doing research, time Note: The responses grouped as "nonresponsive" were either blank or could not be categorized.
spent teaching inevitably reduces potential time to do research. Taking an inquiry-based lab helps the students learn science (Leonard 1997) , but does teaching this lab benefit the GTAs?
The statement that we learn 95 percent of what we teach (Uno 1999 ) usually refers to scientific techniques, facts, and concepts. However, if the focus of teaching switches from emphasizing facts to emphasizing the process of science, then it should follow that graduate students would learn how to do science (research) better by teaching inquiry-based labs. In our labs, the GTAs helped the students write good hypotheses, select techniques, and design experiments. They evaluated the students' results, judged the validity of their conclusions, critiqued their writing, and helped them find references. Essentially, GTAs engaged in all the research activities that they will do in pursuit of their graduate degrees and as supervisors at universities or in companies or government agencies. In fact, during the training sessions at the beginning of the semester, the GTAs are told to think of themselves as research advisors to seven student research teams per lab and to think about how they would like their research advisor to treat them. While teaching, GTAs are constantly forced to think about and clearly articulate what it means to conduct research properly.
In describing a model for graduate research training, Isaak and Hubert (1999) described the need for graduate students to make a transition from memorizing the content presented to them to thinking creatively, developing original ideas, and communicating effectively. They further characterize new graduate students as inexperienced researchers who are learning to apply the scientific method while developing the attributes of creativity, critical thinking, and rigorous testing of experimental design. Finally, Isaak and Hubert note that graduate students' research is often detrimentally affected by their lack of understanding of how to apply scientific method and of the relationship between hypotheses, prediction, and methods, a theme reiterated by McPherson (2001) . Do the GTAs think that teaching inquiry-based labs contributes to their ability to do research? As we predicted, GTAs (inexperienced) unfamiliar with inquiry-based instruction did not initially recognize the relevance to their research. By the end of a semester, however, a significant number of responding GTAs did. Thus, it is important that faculty encourage GTAs to take advantage of the opportunity to learn from this experience.
If teaching an inquiry-based lab has some effect on graduate student research skills, then, in addition to their general perception that it does, we would predict that GTAs would make specific references to the components described above by Isaak and Hubert (1999) or McPherson (2001) , and they did. Some commented directly that they saw how it improved their ability to do research. Others simply mentioned that they were more aware of the need for clear communication of ideas and methods and the importance of wellformed hypotheses. Some of the GTAs' descriptions of how best to conduct the laboratory paralleled the maturation of their understanding of the process of science as they gained experience and began to make the transition from student to researcher. For example, one description of the GTA's role changed from "help students apply what is being taught in lectures and make sure that the material taught in the lectures and labs is understood" (emphasis on memorization and repetition of facts) to "providing the students with an opportunity to construct their own ideas and concepts" (emphasis on creativity and critical thinking) as this particular GTA gained more experience in teaching inquiry-based labs. This type of change reflects the kind of shift discussed by Isaak and Hubert (1999) in their model.
Why is it that not all of the GTAs reported a positive influence? Some had less experience teaching in this manner, and rookies did not have any experience with being responsible for a lab. Some GTAs had nearly finished their degrees or were more focused on a specific research project and therefore perceived little impact on their research. When asked if teaching this course had changed one's approach to research, one doctoral GTA replied,"I haven't really changed the way I think about research, but I've got a more diverse research background than most people, and I'm fairly set in my ways. " That a graduate student already felt set in his or her ways should concern those of us who think that the experience as a GTA plays a large role in shaping a college professor.
Most college and university science faculty have spent part of their time during graduate school teaching laboratories. While many GTAs view this situation as an opportunity to gain valuable teaching experience, others view it simply as a means to support their graduate studies (Milner-Bolotin 2001) . Unfortunately, graduate students may sometimes be encouraged to think that teaching is of secondary importance to research (Boyer 1990 , Shannon et al. 1998 , Nyquist et al. 1999 by their advisors (Milner-Bolotin 2001) , supervisors, and peers (Notarianni-Girard 1999) .
Inquiry-based teaching is a new style to most GTAs. It requires more time and practice and can be frustrating. However, teaching inquiry-based labs involves critiquing experimental design, evaluating arguments, interpreting and solving problems, and other skills not developed in verification-style labs. These skills should be important to graduate students whose primary, if not exclusive, career goal is research. It is worth noting that our research shows that, although GTAs have to teach inquiry-based labs for more than one semester before they show a significant preference for this method, GTAs recognize its value to them as researchers by the end of one semester. Therefore, faculty should encourage their graduate students who are supported by a teaching assistantship to teach inquiry-based laboratories.
Teaching and research may be considered separate domains, because the emphasis on imparting factual knowledge, common in teaching, has little in common with the process of science embodied by research. However, just as the line between undergraduate and graduate education in terms of research and mentorship has changed (Gonzàlez 2001) , so too has the balance between learning facts and learning the process of science at the introductory level.
On the basis of the benefits to undergraduates, previous studies have supported converting from verification-style laboratories to inquiry-based ones. That GTAs may be gaining valuable scientific training while teaching inquiry-based laboratories provides further support for a push to change the way in which laboratories are taught.
